Purpose: Evaluate the usefulness of single-shot and of interleaved spatiotemporally encoded (SPEN) methods to perform diffusion tensor imaging (DTI) under various preclinical and clinical settings. Methods: A formalism for analyzing SPEN DTI data is presented, tailored to account for the spatially dependent bmatrix weightings introduced by the sequence's use of swept pulses acting while in the presence of field gradients. Using these b-matrix calculations, SPEN's ability to deliver DTI measurements was tested on phantoms as well as ex vivo and in vivo. In the latter case, DTI involved scans on mice brains and on human lactating breasts. Results: For both ex vivo and in vivo investigations, SPEN data proved less sensitive to distortions arising from B o field inhomogeneities and from eddy currents, than conventional single-shot alternatives. Further resolution enhancement could be achieved using referenceless methods for interleaved SPEN data acquisitions. Conclusion: The robustness of SPEN-based sequences vis-avis field instabilities and heterogeneities, enables the implementation of DTI experiments with good sensitivity and resolution even in challenging environments in both preclinical and clinical settings.
INTRODUCTION
MRI is commonly used to measure water's diffusivity throughout opaque matter. In structured tissues, molecules tend to diffuse anisotropically (1) ; to characterize such motions, diffusion-sensitizing gradients applied along multiple directions allow one to map an effective second-rank diffusion tensor D 5 fD ij g i,j5x,y,z (2-4). Estimating such tensor requires accounting for the effects of the imaging and diffusion-sensitizing gradients into a socalled b-matrix that summarizes their action, and whose elements b 5 fb ij g i,j5x,y,z need to be calculated for a particular pulse sequence used (3, (5) (6) (7) . A diffusion tensor can then be extracted on the basis of SðbÞ=Sð0Þ ¼ exp½À P i;j ðb ij D ij Þ (2-4), where S(b) and S(0) are signal intensities with and without the diffusion-sensitizing gradients. When incorporated into MRI measurements these calculations lead to a variety of diffusion tensor imaging (DTI) modalities (4, 8, 9) , of widespread use in preclinical and clinical tractography (10) (11) (12) (13) (14) . Because all DTI modalities aim to represent the effects introduced by random molecular displacements spanning sub-mm ranges, tissue motions happening on similar lengthscales can harm their performance. Therefore, single-shot imaging techniques that overcome potential motion artifacts, have played a key role in enabling the acquisition of reliable in vivo diffusion data (15, 16) . In most cases, spin-echo echo planar imaging (SE EPI) is the method of choice for performing these rapid, diffusion-monitoring scans. Still, SE EPI is prone to artifacts such as geometric distortions and ghosting, as it is inherently sensitive to field and chemical shift heterogeneities (17, 18) . These artifacts tend to affect principally the experiment's lowbandwidth direction, and become especially noticeable at higher fields (19) . Numerous strategies have been proposed to overcome these limitations, including replacing the single shot methodology with a small number of interleaved shots (20, 21) , spiral sampling schemes redistributing artifacts more evenly along the two imaged dimensions (22) (23) (24) , and parallel acquisition strategies reducing EPI's otherwise long acquisition time (25, 26) . All of these can improve diffusion imaging (27) (28) (29) (30) (31) (32) , yet these methods are still challenged by certain blurring artifacts resulting from hardware imbalances and/or motions between shots (20, (33) (34) (35) (36) (37) .
Recently, attention has been elicited by the diffusionmonitoring capabilities of an alternative single shot method, derived from spatiotemporal encoding (SPEN) principles (38, 39) . SPEN provides several potential advantages, thanks to its reliance on a direct image acquisition that is not bound by k-space Nyquist sampling criteria. This enables the use of stronger gradients along the low-bandwidth dimension, overcoming image distortions arising from B 0 -inhomogeneities and heterogeneous chemical environments (40) (41) (42) . This ability to reduce imaging distortions improves under so-called "full-refocusing" conditions (43, 44) , where each spin packet experiences a full spin echo from the time being excited until the time its signal is acquired. This leads to SPEN images that are nearly T 2 *-free. The potential of various SPEN imaging forms in both single/interleavedshot and single/parallel-receive acquisition modes (45) (46) (47) , has been demonstrated in several applications including BOLD (48-52) and isotropic diffusivity (53) (54) (55) studies. The present study describes the use of SPEN within a DTI framework. With a theoretical description of the b-matrix elements required for a reliable DTI analysis at hand, we explore the capabilities of DTI SPEN in several imaging modalities, in both preclinical and human settings.
METHODS

Theoretical Background
The effects of diffusion are here described by the BlochTorrey equations (56) , and incorporate a conventional Stejskal/Tanner pulsed-gradient-spin-echo (PGSE) block (57) subjecting spins to a pair of magnetic field gradients G d acting for a duration d each and separated by a diffusion-sensitizing time D. While in PGSE b values are nominally
, DTI sequences will include imaging gradients that lead to diffusion weightings of their own. This is particularly true for the single-shot SPEN sequences, which in addition to purging, crushing, slice-selecting, and read-out gradients, include a relatively prolonged spatiotemporal encoding process occurring in the presence of gradients (Fig. 1) . These multiple gradients interact with the diffusionsensitizing ones leading to cross-terms that weigh into the b-matrix.
Three SPEN sequences were here adapted for DTI. One includes a 90 chirped pulse that, acting in unison with an encoding gradient G e , progressively excites spins throughout the sample (58, 59) . PGSE was integrated into this sequence by flanking both sides of the central 180 spin echo pulse with identical G d 's (Fig. 1a) . A second sequence (Fig. 1b) incorporated an adiabatic 180 encoding pulse; an initial slice-selective pulse and a hard 180 pulse at the conclusion of the acquisition, render this sequence suitable for multislice imaging. Diffusion gradients were integrated in this multislice implementation by a bipolar block, inserted during a T a /2 delay timed to accommodate the full-refocusing conditions. The third sequence (Fig. 1c) involved a 2D spatial/spatial pulse (60) (61) (62) , imparting an encoding akin to that described for the 90 chirped pulse sequence but affecting only a single slice. This enabled its use in multislice acquisitions, while enjoying a lower specific absorption rate (SAR) than its 180 -based counterparts. All these sequences operated in a so-called "hybrid" mode, involving conventional k-space readout (along X) and sliceselection (along Z), in addition to their use of SPEN along the low-bandwidth (Y) dimension. All images thus arose from Fourier transforming the data along k x and applying a super-resolution (SR) reconstruction (43, 51, 63) along the SPEN axis. SR enables one to apply weaker encoding gradients, contributing to lowering the overall SAR and decreasing the cross-terms arising between G e and G d .
As a result of SPEN's nonuniform spatial evolution, several distinct features arise upon using it for diffusion mapping. Most evident among these, and deriving from SPEN's use of gradients together with excitation/refocusing swept pulses, is the appearance of spatially dependent G d xG e cross-terms in both the diagonal and offdiagonal elements of the b-matrix (55). These can be accounted by adapting the Karlicek-Lowe formalism (57, 64, 65) , according to which the combined effect of all gradients throughout the sequence is given by
is a wavenumber summarizing the action of all gradients up to a particular time t 0 . This description of K is suitable as long as the dephasing undergone by the spins is linear and independent of the spins' absolute positions. In SPEN, however, the use of frequency swept pulses while under the action of a gradient means that spin dephasing is neither linear in space nor independent of position. pulse followed by a singleslice refocusing 180 pulse (a), a chirped-180 multislice approach (b), and a slice-selective 2D pulse imparting a 90 chirped-like evolution (60,61) (c). Diffusion-sensitizing gradients (indicated by stepped gray gradients) are symmetrically located on both sides of a central refocusing pulse in (a) and (c), and placed in a pre-encoding T a /2 delay required by (b) to reach full-refocusing conditions (47) . The RF/ADC line displays the pulses and signal acquisitions; G e , encoding gradient; G d , diffusion-weighting gradients; G ss , slice-selective gradient; G pr , purge gradients; G cr , crusher gradients; G a , acquisition gradients; K shot , step gradient for interleaved multishot mode; T e , encoding time; T a , acquisition time; N pe , number of loops encoding the low-bandwidth (SPEN) dimensions; N sl , number of slices; N shot , number of shots, when implemented in a segmented, reference-less acquisition mode (47) . All loop indices are indicated on the inside of their corresponding brackets.
This can be accounted for by re-expressing the K-wavenumber in terms of a local spatial dispersion K local experienced by the spins' rotating-frame evolution phases, which will eventually be the quantity that random displacements will monitor (66) . K local arises by expanding these phases in proximity to an arbitrary position r 0 , as
This leads to a diffusion-driven attenuation function
where now
depends on a local phase derivative fK local r ðt 0 Þ ¼ dfðt 0 ;r0Þ dr g r¼x;y;z . For a general DTI case involving 3D diffusion weightings, the effective calculation needed to obtain the SPEN-based b-tensor becomes:
where
describes the dynamic evolution phase imparted by the excitation and acquisition for any r o position in the sample. Solomon et al (55) and Shrot and Frydman (66) describe how such phases can be computed analytically or numerically, for sequences including excitation/refocusing pulses, periods of free evolution, pulsed field gradients, and 90 chirped or 180 adiabatic sweep pulses acting in conjunction with magnetic field gradients. Such formalisms were used in this study for calculating numerically the expectations for various sequences and experiments.
Phantom, Animal, and Human Scans
To evaluate the usefulness of SPEN DTI analyses and the accuracy of the proposed methods, several tests were carried out. These tests, including the samples targeted, the sequences assayed and the main parameters used, are summarized in Table 1 . Specimens included CuSO 4 -doped isotropic water samples, ex vivo spinal cord and brain measurements (not all of which are here shown), in vivo rodent mappings and breast DTI scans of healthy volunteers. Ex vivo specimens were obtained from healthy animals, washed twice, left overnight in phosphate buffer, fixed in formalin, and studied within 13 or 17-mm tubes filled with Fluorinert V R at 25 6 1 C. Additionally, in vivo experiments approved by the Institutional Animal Care and use Committee of the Weizmann Institute, were executed on adult mice. These were anesthetized with 1-2% isoflurane in O 2 , placed into the magnet using a nose and tooth-bar, and their body temperatures maintained at 37 C using a water circulation system. Finally, DTI SPEN scans of lactating breasts were run on healthy volunteers, after receiving signed consents and approval by the Internal Review Board of the Wolfson Medical Center (Holon, Israel).
Scanners, Pulse Sequences, and Data Processing
Phantom and rodent experiments were performed on an Agilent DD2 V R 7 Tesla (T)/110 mm preclinical horizontal magnet (Agilent Technologies, Santa Clara, CA) using a quadrature-coil probe. To achieve the best in vivo results, first and second order shims were adjusted using FASTMAP (67) , resulting in a water linewidth of 36 Hz for a 5 Â 6 Â 7 mm 3 voxel in the center of the brain. DTI SPEN pulse sequences were programmed and compared with similarly structured and timed SE EPI diffusion experiments, all running within Agilent's VNMRJ 3.2 software environment. Also run in these tests were spin-echo multishot (SEMS) diffusionweighted sequences provided by the scanners. The parameters of the multi-and single-shot scans are summarized in the corresponding figure captions. Additionally, human breast DTI SPEN experiments were programmed and acquired at 3T on a Siemens TrioTIM V R scanner (Erlangen, Germany), using a four-channel bilateral breast receiver coil (Siemens) and the sequence shown in Figure 1c based on a 2D 90 chirped pulse (60, 61) . Scouting images included scanner-supplied T2-weighted fast spin-echo scans.
This study compared SPEN and SE EPI DTI results, from experiments including both single-and interleaved multishot acquisitions. The interleaved multishot feature was applied for both methods along the low-bandwidth (phase-or SPEN-encoded) axes, and involved repeating N shot scans differing by the addition of a gradient-driven displacement (K shot ). This methodology has been extensively described for EPI (21, 32) , and scanner-supplied sequences were used for these acquisitions; these sequences relied on ancillary navigator scans, for providing phase consistency between even and odd readout echoes and between the various interleaved shots. For the interleaved SPEN DTI experiments, sequences were written and images processed as described by Schmidt et al (47) . Unlike EPI, this procedure allows one to match even/odd readouts and multiple interleaved scans in a referenceless manner, by exploiting the space-domain nature of these acquisitions.
As also explained and demonstrated in Schmidt et al (47) , this referenceless procedure can account for potential subject motion in-between the interleaved scans. DTI measurements were performed by incorporating diffusion-sensitizing gradients as illustrated in Figure 1 [4] and [5] , by programming scripts accounting for all gradient and pulse waveforms. Diffusion tensors were then derived from the measured signals by an inversion procedure D ij ¼ invhbðt; r 0 Þi ij Á S½bðtÞ; r 0 , carried out in a pixel-by p , where l 1 ! l 2 ! l 3 are the eigenvalues and l mean is their mean value. Maps were also derived based on the eigenvectors' orientations. Both b-matrix calculations and DTI processing were programmed in MATLAB V R (The MathWorks, Inc., Natick, MA); these macros are available from the authors upon request. Image registration between the diffusion weighted images was accomplished by the SPM software package's rigid body registration module (72) . Figure 2 shows diffusion tensor profiles arising if one ignores (Figs. 2a, 2C) or includes (Figs. 2b, 2d ) the explicit effects of the SPEN imaging gradients in the bmatrix calculation. For the water sample in question, these measurements should yield identical l 1 ; l 2 ; l 3 eigenvalues, constant throughout the single z-slice selected in the sample tube. This is clearly not the outcome if SPEN gradients are ignored. The errors in the estimated eigenvalues are less pronounced when implementing 180 -based encodings than their 90 counterparts, yet discrepancies still emerge among the three eigenvalues. The distortions arising if ignoring the SPEN gradients are most evident along the SPENencoded axis (Fig. 2a) , scattering these eigenvalues between 1.5 and 1.2 Â 10 -3 mm 2 /s. By contrast, maps taking into account the imaging and diffusion gradient cross-terms (Fig. 2b) Figure S1 , which is available online, illustrates another aspect of these effects, with maps of the fb ij g-values adopted by the different in-plane elements, in the absence of diffusion-sensitizing gradients. Ex Vivo DTI Measurements Figure 3 compares maps obtained from various sequences on an ex vivo rat brain, displayed as color-coded FA maps. SEMS DW images (Fig. 3a) and their corresponding FA maps (color-coded in Figure 3b ) were used as references; DTI results based on multislice SPEN and on SE EPI are shown in Figures 3c and 3d , respectively. All of these images were collected at 7T, the latter two using data interleaving procedures, capable of reducing echo times by combining multiple shots. Data interleaving was carried out in a referenceless manner for SPEN (47) , while for SE EPI we used scanner-supplied four-shot interleaving routines. Both of these experiments evidenced comparable results in one-sixth of the SEMS DTI scan time, and showed fine orientational brain details such as the corpus callosum (Fig. 3e) and cerebral cortex. All three pulse sequences clearly succeed in tracking the white matter fibers in these regions; corresponding FA maps for the same slices can be found in Supporting Figure S2 .
RESULTS
SPEN DTI: Basic Validations
Fast diffusion imaging can be challenged by eddycurrent artifacts, particularly when involving strong readout and strong diffusion-sensitizing gradients (67, 73) . Figure 4 illustrates this feature for DTI pulse sequences using relatively short diffusion timings (d ¼ 3 ms, D ¼ 11 ms) yet relatively high b PGSE values (1200 s/ mm 2 ). Under these conditions, the diffusion gradient amplitude reached 43.2 G/cm (out of a nominal maximum for our system of 100 G/cm). Ex vivo coronal rat DTI maps for SEMS (Fig. 4b) and SPEN (Fig. 4c) show similar anatomical information under these conditions; for SE EPI, by contrast, the FA maps were clearly distorted by the effects of eddy current interferences (Fig.  4d) . These effects were consistent in all experiments and could not be avoided unless extending either d or D, at the expense of longer echo times.
In Vivo DTI Validations
In vivo experiments were conducted on adult mice. Whereas SPEN afforded acceptable brain DTI data using similar diffusion-sensitizing delays D as in the ex vivo cases just presented, eddy-current artifacts prevented, at least in our system and using a single spin-echoed G d pair, the acquisition of in vivo data based on SE EPI. To avoid these artifacts D had to be nearly doubled, from 11 to 20 ms. Upon doing so, similar FA maps were achieved for SPEN and SE EPI, under comparable timings and similar resolutions (Fig. 5) . Still, overall shape distortions in the brains' contours derived from air/tissue B 0 inhomogeneities, are slightly more notable in the SE-EPI than in the SPEN cases. Clear anatomical details and nearly no motional artifacts, despite the absence of respiratory gating, are also observed for both data sets.
As a final example, we present diffusion properties measured for a human lactating breast. The new SPEN pulse sequence shown in Figure 1c was used in these studies, as this still endows spins with the desired quadratic encoding along the Y-axis yet excited a single Z-slice, without the SAR penalties associated to the use of frequency-swept 180 pulses. Figure 6 summarizes the resulting measurements, under the assumption of axially symmetric diffusion tensors. The l 1 -map (Fig.  6a) , with a total average value 2.3 6 0.6 Â 10 -3 mm 2 /s over both breasts, represents the fastest diffusion component; the slower k 2 , k 3 components (Fig. 6b) average only 1.8 6 0.6 Â 10 -3 mm 2 /s. Figure 6c presents the average of the three eigenvalues; also illustrative is to explore the FA map of the lactating breast (Fig. 6d) . This is remarkably isotropic toward the center of the organ, where the central milk ducts are widely distended, but increases in anisotropy toward the breasts' peripheral regions, where the ducts become smaller and thus radial diffusivity more restricted. The fold-free nature of the SPEN experiment also allows one to zoom into a single breast or a region of thereof; a vector map representation of the ensuing principal diffusion eigenvectors (represented by the blue arrows in Fig. 6e) shows an alignment of the l along the anterior-posterior axis, reflecting the structure of milk ducts heading from the base of the breast toward the nipple. SPEN's robustness to field inhomogeneities can thus be exploited to take a closer look on this phenomenon toward the nipple of the breast, a region challenged by air/tissue interface problems.
DISCUSSION AND CONCLUSIONS
SPEN variants have been explored in recent years as potential alternatives to EPI, particularly in the context of overcoming B 0 -inhomogeneities or dealing with heterogeneous environments (52, 54, (74) (75) (76) . These features are again evidenced here, for DTI studies. This application required extending a formalism that was previously presented for evaluating isotropic diffusion, to the calculation of the b-matrices arising in DTI. A quantitative description of these weighting elements is important, as the SPEN gradients together with their cross terms with the diffusion gradients, can lead to significant corruptions in the diffusion maps unless suitably accounted for. With the aid of this formalism, validation studies showed that equally good diffusion tensor images and FA parametric maps, could be recorded using single-shot or interleaved SPEN and SE EPI counterparts.
In the latter case, SPEN was implemented using a self-referenced algorithm that by suitable phase correction eliminates major interscan motion distortions; research remains to be done on the robustness of the various methods to other kinds of intrascan, nonrigid motions like cardiac pulsation. Upon shortening the diffusion times and increasing the diffusion-sensitizing gradients, DTI SPEN showed a substantially higher immunity to eddy currents compared to its EPI counterpart. These benefits proved most remarkable under in vivo conditions, where SE-EPI failed to yield sensible DTI information upon using short ( 15 ms) D times. When relaxing these conditions and reverting to interleaved multishot modes, both SPEN and SE EPI demonstrated good DTI performance. As an example of SPEN DTI's versatility we examined the diffusion properties of human lactating breast, an organ which although usually examined with dynamic contrast enhancement, cannot be probed in this manner during pregnancy and lactation. In such instances, the noninvasive nature of diffusion MRI becomes particularly favorable (77) . DTI SPEN had no difficulty to distinguish the facile and restricted diffusing directions in lactating breasts, with FA maps revealing that while a significant amount of bulk fluid experiences unrestricted isotropic diffusion in the center of the organ, ductal restrictions are reflected by the eigenvectors maps. When examined closely, a directionality of those milk ducts heading toward the nipple was also noticeable. Further efforts are in progress to test more sophisticated SPEN implementations, as well as applications in challenging regions that are known to suffer from chemical and susceptibility heterogeneities. 
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. and 180 SPEN pulse sequences. Gradients and diffusion parameters are as described in Figure 2 . These calculations confirm that the imaging gradients will impose their most significant attenuation along the SPEN direction (in the present example b yy ), with smaller effects along the readout axis (e.g., b xy ); they also confirm the stronger effects evidenced by the 90 versus the 180 SPEN sequences. 
